Adjacent segment disease is a recognized consequence of fusion in the spinal column. Fusion of the sacroiliac joint is an effective method of pain reduction. Although effective, the consequences of sacroiliac joint fusion and the potential for adjacent segment disease for the adjacent lumbar spinal levels is unknown. The objective of this study was to quantify the change in range of motion of the sacroiliac joint and the adjacent lumbar spinal motion segments due to sacroiliac joint fusion and compare these changes to previous literature to assess the potential for adjacent segment disease in the lumbar spine.
Introduction
Low back pain is currently the largest contributor to disability worldwide. 1 The global burden of low back pain has significantly increased from 1990 to 2010. In 2010, an estimated 83 million well-years of life were lost to low back pain. 2 Potential pain generators for low back pain include the lumbar spine, hip, and the sacroiliac (SI) joint. 3 
Arthrodesis of the spine was pioneered by Hibbs and
Albee for the treatment of Pott's disease in 1911. 4, 5 Since that time, spinal arthrodesis has been employed throughout the spinal column with four principle motives: 1) reestablish clinical stability, 2) maintain correction, 3) prevent progression of deformity, and 4) stiffen a spinal segment to alleviate pain. 6 A review by Phillips et al. showed that lumbar spine fusion successfully decreases the pain and disability from degeneration of a lumbar motion segment. 7 Hansson et al. compared health-related quality of life measurements for spinal fusion to other elective orthopedic procedures (total knee replacement and total hip replacement) and found larger improvements for spinal fusion. 8 Even though lumbar spine fusion successfully reduces pain and disability, there are reports of increased degeneration and disease at the adjacent lumbar segments. 9 Adjacent segment disease (ASD) following lumbar arthrodesis may require revision surgery at the adjacent segments -Sears et al. reported a mean annual incidence of 2.5% of patients requiring surgery. 10 In this context, ASD is used to describe any abnormal process in a motion segment (e.g. disc degeneration, stenosis, etc.) next to the fusion level. 11 Various risk factors for ASD have been identified including instrumentation, injury to the facet of the adjacent level, fusion length, sagittal alignment, and pre-existing disc degeneration. 11 Of these factors, instrumentation, fusion length, and sagittal alignment can have the most significant effect on biomechanical stresses at the adjacent level. Rigid fixation of a motion segment increases the treated segment stiffness, while increasing the stresses on the adjacent levels. 12, 13 In a cadaveric study of three lumbosacral fusion techniques, all techniques resulted in increased stresses on the adjacent unfused lumbar segments. 14 While the spine is the most significant source of low back pain, the SI joint has been recognized as a pain generator in 14.5% to 22.55% of patients with low back pain. 3, 15 SI joint fusion may be required if nonoperative treatments (e.g. anti-inflammatory medications, physical therapy, steroid injections) fail. 15, 16 Surgical treatment of the SI joint can be performed using either open or minimally invasive surgical (MIS) techniques. Recent studies comparing the two fusion techniques found the MIS procedure resulted in larger improvements in Oswestry Disability Index (ODI) and pain relief, as well as shorter surgical times and hospital stays. 17, 19 Long-term results of a MIS procedure have shown that the improvements have been maintained with no evidence of implant loosening or long-term complications. 20 Although MIS SI joint fusion has been shown to be clinically effective, 18 the potential for adjacent segment disease is unknown. The purpose of this study was to quantify the changes at the adjacent lumbar motion segments after SI joint fusion and compare them to the changes reported for lumbar arthrodesis procedures that have increased risk for ASD. To investigate the changes, a minimally invasive SI joint fusion procedure was simulated in a threedimensional, experimentally validated lumbar spinepelvis finite element model; finite element modelling is a good tool to estimate the limited range of motion (ROM) observed in the SI joint (~2°). 21, 22 The angular motions of the SI joint and lumbar motion segments were computed and compared between the intact and treated conditions. The potential for ASD was assessed by comparing the changes in motion of the lumbar spine with previous lumbar arthrodesis studies of ASD.
Materials and Methods
This experimentally validated finite element model 23, 24 has been used previously to evaluate surgical fusion of the lumbar spine and the effects of leglength discrepancy. 24, 25 The model was comprised of the lumbar spine, pelvis, and both femurs and contained 60,126 elements and 77,540 nodes. The model was developed from a computed tomography (CT) scan of a young male pelvis without any irregularities or severe degeneration. Material properties for the bone, ligaments and joints are based upon the previous study ( Table 1) . 24 Further information about the model can be found in Ivanov et al. 24 All models were analyzed using ABAQUS 6.11 software (Simulia, Providence, RI). Loading of the model was simulated using double-leg stance. To constrain the model, the caudal ends of the femur were fixed in all degrees of freedom and the femoral head was fixed to the acetabulum to prevent any rotation between the pelvis and the femur. For the intact condition, a 400 N follower load was initially applied then a 10 N-m moment was applied to simulate physiological flexion, extension, left and right lateral bending, and left and right axial rotation to determine the range of motions. For the treated condition, a hybrid loading protocol was used; 26 this involved gradually increasing the bending moment at the cranial end of the segment until the overall motion of the segment matched that of the intact under a 10 N-m bending moment. Motions were calculated at each motion segment between L1 and S1 (e.g. L1-L2, L2-L3), and the left (treated) SI joint in all models. For comparison purposes, the left and right bending motions for each motion segment were combined into a single value (lateral bending); likewise, the left and right rotation motions for each motion segment were combined into a single value (axial rotation).
SI joint fusion using three triangular titanium plasma spray (TPS) coated implants (iFuse Implant 7.0 mm; SI-BONE, Inc., San Jose, CA) was simulated across the left joint according to the manufacturer's recommendation ( Figure 1 ). Lateral placement of the implants was simulated using a trans-articular technique ( Figure 1 ). 27 Briefly, this technique places the implants parallel in the sacral outlet view and convergent in the sacral inlet view; placement is optimized to cross the hyaline cartilage portion of the SI joint. Surgically, the implants are placed by a pin, drill, broach, and impaction procedure. Impaction is required to insert the implants to engage the press fit between the TPS coating on the implant and the broached hole. The implants in this model consisted of the inner core of Ti6Al4V ELI (E = 115 GPa) without the TPS coating; implant lengths were: superior, 55 mm; middle, 45; inferior, 50 mm. To simulate the press fit on each implant, a mating part with a longitudinal cut was created within the model ( Figure 2 ). The mating part's properties were that of the surrounding pelvis model, including the SI joint gap and the bone material properties ( Figure 2 ). To determine the press fit, a separate smaller mating part (to simulate the overlap of the press fit) was modeled and the force required to open the longitudinal cut such that an implant could be inserted was determined. In the full lumbo-pelvic model, the press fit between the bone and implant was simulated by applying the calculated force to close the longitudinal cut.
The applied moments were compared between the intact and treated models. The changes in range of motion between the intact and treated models were calculated and compared for both the SI joint and adjacent lumbar segments.
Results
Loading of the intact model resulted in L1 -pelvis motions of 28.26° in flexion, 14.27° in extension, 52.84° in lateral bending, and 29.31° in axial rotation. Loading the treated model (to the intact angles) re- The implants reduced the SI joint range of motion in all directions (Figure 3 ; Table 2 ). The SI joint motion was reduced by 56.6% in flexion, 59.5% in extension, 27.8% in lateral bending, and 53.3% in axial rotation.
The range of motions at the adjacent lumbar segments were increased in all loadings, with the largest changes occurring closest to the treated motion segment ( Figure 3 ; Table 2 ). At the adjacent segment (L5-S1) the motion was increased by 3.0%, in flexion, 3.7% in extension, 1.1% in lateral bending, and 4.6% in axial rotation. At L1-L2 the motion was increased by 1.0% in flexion, 2.9% in extension, 0.1% in lateral bending, and 0.3% in axial rotation. 
Discussion
The results of the current study show that the hybrid loading protocol required slightly larger applied moments to flex the treated specimen to the intact angular motion. As noted in previous studies, rigid fixation of a motion segment increases the overall construct stiffness. 13, 24 Ivanov et al. reported moment increases of 46 -88% after a single level lumbar fusion. 24 Kyaw et al. reported moment increases of 122 -469% after rigid fixation in a degenerative lumbar model. 13 The applied moments in this study were increased much smaller amounts (< 6%) -suggesting that fusion of the SI joint does not substantially stiffen the lumbo-pelvic construct.
The finite element model tested in this study showed SI joint motions in the intact and treated conditions to be in agreement with results found in a prior experimental study. 27 Although the models are similar, the current finite element model has some differences compared with the previous cadaver experiment: double-leg stance, follower load, and larger moment (10 N-m vs 7.5 N-m). These differences are likely offsetting for the SI joint as the use of a follower load and double-leg stance likely increase stability, while the use of a larger applied moment would increase the ROM. In the present model, the calculated SI joint motions for the intact model are similar to those in the previous cadaveric study in flexionextension (1.454° ± 0.675°), lateral bending (0.830° ± 0.412°), and axial rotation (1.207° ± 0.558°). 27 For the Table 2 . Flexion, extension, lateral bending, and axial rotational range of motions for intact and treated sacroiliac (SI) joint. SI joints were treated with three triangular TPS coated implants using a minimally invasive surgical procedure.
treated model, the previous cadaveric study used a destabilized model (sectioned pubic symphysis) to investigate two SI joint fusion implant placement techniques on SI joint motion. The reductions in motion in flexion, extension, and axial rotation of the current model are within the upper limit of the ranges reported in the previous cadaveric study; the current lateral bending results are similar to the previous cadaveric study. Even in the context of model differences and specimen variability, the agreement in motion reduction demonstrates that the current finite element model is adequately modeling the SI joint fusion procedure.
The reduction in motion at the SI joint led to minimal increases in motion at the adjacent lumbar levels.
The motions of the lumbar segments in the intact model are consistent with those previously reported. [28] [29] [30] The increases in adjacent segment lumbar motion after treatment in this study (< 5%) are substantially lower than those reported in the adjacent lumbar segment after lumbar fusion. In vitro studies have reported increases of 20% to 127% for the cranial adjacent motion segment after lumbar/lumbosacral fusion (Table 3) . 12, 13 While placement of rigid implants markedly decreases SI joint range of motion, the overall adjacent lumbar segment effects of this diminished ROM are minimal.
Factors shown to increase the risk for ASD include surgical damage to adjacent segment structures such as the facets or local soft tissues as well as changes to the sagittal alignment. The lateral approach for this surgical technique minimizes the risk of injuring the facets or soft tissues. The surgical incision is in the Table 3 . The change in motion of the cranial segment for two experimental lumbar fusion models and the current finite element sacroiliac study. All studies were completed using motion controlled protocols. lateral buttock area well away from the L5-S1 facets. (Figure 1 ). This surgical technique is unlikely to result in significant change in sagittal alignment of the spine and pelvis as SI joint motion is quite small, although this remains an area open for study. The combination of the minimal increased ROM of the lumbar spine after SI joint fusion and differences in procedure decreases the probability of lumbar ASD secondary to SI joint fusion.
The use of a finite element model presents some limitations regarding the interpretation and application of the results. The model used herein represents a single patient, thus extrapolation to a larger patient population should be made with caution. The basis for this model was a young male without any irregularities or severe degeneration, which is not a typical candidate for SI joint fusion. 20 Ideally, the finite element model would include all of the pertinent characteristics related to the procedure being investigated (e.g. SI joint dysfunction). Finite element models of the musculoskeletal system are complex with specific anatomy and multiple mechanical parameters for each tissue type (Table 1 ) and require validation with experimental data to ensure that the simulations are adequate. To our knowledge there is no specific experimental biomechanical data of a dysfunctional SI joint, although this remains an area for further research. Although the current model did not exactly simulate a dysfunctional SI joint, the intact motions are consistent with a previous in vitro study that used both male and female specimens (average age of 52 years) 27 , suggesting that the biomechanics of the SI joint are being adequately modeled. Another potential limitation of this model was the simulation of the bone-implant interface; although the TPS coating could not be simulated, the interference fit was accounted for by the addition of compressive force across the mating part ( Figure 2 ). Even though the bone-implant interface model may not exactly reproduce the in vivo situation, the reductions in motion at the SI joint reported here are in agreement with a previous experiment, 27 thus, confirming this model. Another limitation is that the bone-implant interface is unable to simulate the biological response over time. Lastly, the current study only investigated three specific motions and may not be applicable to all motions that a patient may encounter during ac-tivities of daily living.
Conclusions
The results of this study demonstrate that fusion of the SI joint using a series of triangular implants substantially (> 50%) reduced SI joint range of motion in flexion, extension, and axial rotation, and minimally (< 5%) increased adjacent lumbar segment ranges of motion. The current study presents a theoretical model for assessing the potential risk of developing adjacent segment disease in the lumbar spine after SI joint fusion, as such, long-term clinical studies will be required to determine if adjacent segment disease in the lumbar spine is a complication resulting from SI joint fusion.
